Abstract: Cement-based grouts have been used successfully to repair cracks in many concrete structures, to ensure the stability of slopes or retaining walls and to reinforce soils or rock foundations. This study aims to the use of Algerian bentonite in cement grout as a partial replacement for cement. We have optimized the fresh state of cement grouts made from binary binders, by studying their physical and rheological properties. So as to analyze the effect of bentonite on the behavior of the grout, various tests such as X-ray diffraction (XRD), laser granulometry, and X-ray fluorescence spectrometry(XRF) of cement and bentonite have been investigated. This paper examines the effect of bentonite on the fresh and hardened of cement based grouts so as to develop a flow and stable grout. The experimental procedure consists to study the behaviour of mixtures substituted by different bentonite contents (8, 10, 12, 14, 16 and 18%) subjected to physical (density and bleeding), and Rheological (mini-slump cone) tests. Mechanical strength test of the hardened grouts was analysed at 28 days. Results show the compressive strength decreased slightly with increasing bentonite dosage.The assess of pozzolanic activity was determined from the strength activity index (SAI). All the mixtures have shown that the strength activity indices were higher than 75%, which were conform to the ASTM C618 standard
PUBLIC INTEREST STATEMENT
In order to limit greenhouse gases and reduce energy consumption related to cement production. It is imperative to find a low-cost natural pozzolan to partially replace the cement. In this article, a natural pozzolan named Algerian bentonite is used to evaluate his performances in partial replacement of cement in cement grouts. This experimental work compares the properties of cement grouts with and without bentonite. Results of the investigation show clearly that it is possible to use the Algerian bentonite in the formulations of cement grouts. Its valorization permits to contribute to the protection of the environment.
Introduction
The reinforcement of soils or treatment of natural instabilities requires a major consumption of cement. Most cement plants consume large amounts of energy that releases large amounts of the greenhouse gas into the atmosphere and produce a number of undesirable products which negatively affect the environment which causes the greenhouse effect and acid rain (Ghrici, Kenai, & Meziane, 2006) . Currently, cement producers manufacture cement containing mineral additives, namely limestone, natural pozzolana, and slag so as to reduce energy consumption and CO 2 emissions. These last years, several efforts have been made for the use of pozzolanic materials as substitutes for Portland cement in many applications because of their advantageous properties which include, reduction of the environmental impact, low permeability, and good chemical resistance (Aggarwal, Singh, & Aggarwal, 2015; Awang & Aljoumaily, 2017; Lima-Guerra, Mello, Resende, & Silva, 2014; Rashad, 2013) . Bentonite, a natural pozzolana, is colloidal clay was originally found in Fort Benton, Eastern Wyoming in the United States. The bentonite deposits are volcanic and hydrothermal origin, it is composed primarily of montmorillonite(smectite group) [(Al,Mg) 2 (OH) 2 (Si, Al) 4 O 10 (Ca) x ·n H 2 O], it is associated with it is associated with other minerals such as quartz, mica, feldspar, and calcite other minerals such as quartz, mica, feldspar, and calcite. Chemically, bentonite is considered as a hydrous aluminium silicate or alumino silicates. From the point of view of structural, montmorillonites belonging to smectite group are composed of two tetrahedral sheets(Si-O) framing an octahedral sheet (Al-O-OH) (Gungor & Karaoglan, 2001) . The particles of montmorillonite have a net negative charge. There are several types of bentonites which are generally divided into sodium bentonite with a high swelling capacity, calcium bentonite (low swelling), and calcium-sodium bentonite (medium swelling). The commercial importance of bentonite depends more on its physico-chemical properties rather than its chemical composition. They are extensively used in several sectors of industry, namely in drilling fluids (Benyounes & Benmounah, 2016; Benyounes, Mellak, & Benchabane, 2010) , dyes (Günister, Alemdar, & Güngör, 2004) , pharmaceutical applications (Lagaly & Ziesmer, 2003) , paper (Penner & Lagaly, 2001) , cement and ceramics (Abu-Jdayil, 2011) , to modify the rheology and control the stability of the liquid system. The most important market for bentonite is in the civil engineering techniques, especially in the sealing of buildings, dams construction, pipe laying, building tunnels, injection of underground voids that one wishes to fill, the realization of special foundations (diaphragm walls, barrettes, piles). The Knowledge of the rheological behavior of these systems is of extreme importance in the engineering field. Owing to its rheological properties, bentonite has a thixotropic behavior. A small amount of bentonite blended with cement in aqueous solution forms a viscous mixture (Sonebi, Hughes, Harley, & Lynch, 2012) . The apparent viscosity of cement grout decreases when the applied shear rate increases (Benyounes & Benmounah, 2014) . The water absorption of mortar containing Pakistani bentonite decreased up to 30% clay and then steadily increased at greater bentonite loadings (Ahmad, Barbhuiya, Elahi, & Iqbal, 2011) . The rise in the content of bentonite in cement-based grouts led to the increase of flow time, plate cohesion meter, and rheological parameters (yield stress and plastic viscosity) while decreasing the minislump (Sonebi et al., 2012) . Bentonite absorbs water and can help to control bleeding and prevent segregation. However, bleeding is affected by the reduction in gel and viscosity and promote the settlement of cement solids (Domone & Jefferis, 2002) . The use of natural bentonite and organobentonite as partial replacement of cement in concrete has been studied (Lima-Guerra et al., 2014) , the introduction of bentonite as partial cement substitutions in concrete shown that the consistence, workability, density of concrete and water adsorption/absorption decreased. Bleeding is a phenomenon which can engender some consequences such as the reducing of the mobility and the pumpability of the grout (Azadi, Taghichian, & Taheri, 2017) . Three types of chemical additives such as sodium silicate, sodium carbonate, and triethanolamine were tested to optimize the composition of cement grouts, it was found that the use 2-3% bentonite has permitted to reduce the bleeding of cement grout (Azadi et al., 2017) . The objective of this paper consists to study the performance of a local sodium bentonite as partial replacements of cement, all by highlighting the influence of bentonite contents on the physical and rheological parameters on the cement grouts.
Experimental study
Portland cement (CEM-II 42.5N) conforming with European Standards EN FN 196-1 (AFNOR, 2006) , similar to ASTM C150 Type I cement (ASTM, 2012) was used in the experimental study. The specific gravity of the cement was 3.15. Initial and final setting times of the cement were 170 and 265 min, respectively. The Blaine specific surface area was 3545 cm 2 /g and C3A content of Portland cement was 7.1%. The bentonite samples were passing through 60 μm sieve. Bentonite (see Figure 1 ) is characterized according to EN 197-1 (2011) . This standard specifies that the reactive SiO2 content shall be not less than 25% by weight and bentonite samples used in this research satisfied this requirement.
For this investigation, seven various mixtures were prepared. These include one control mix which was prepared without addition of bentonite and the remaining six mixtures were prepared with different dosages of bentonite as replacement of CEM II in cement-grouts. Several grout mixes have been made with different contents of bentonite (8, 10, 12, 14, 16 and 18%) in replacement mode by weight of cement. The chemical composition of bentonite and cement is performed by X-ray fluorescence technique. Chemical analysis is a direct method for assessing the composition of the samples as a percentage of oxides. All experiments in this work were performed on the same batch of bentonite. Table 1 shows the chemical composition, physical and mechanical properties of bentonite and cement. The samples preparation for compressive strength tests was carried out at room temperature. The specimens were prepared and cast into 40 × 40 × 40 mm 3 moulds. After 24 h of curing, grout samples were immediately demoulded and then cured under tap water up to 28 days. Mechanical measurements were tested with 3R RP 3000 XP compression machine with a maximum load capacity of 3,000 kN.
Results and discussion

Particle size analysis by laser diffraction
Laser granulometry is a technique created in the 1970s. In general, granulometry allows determining the particle sizes. The laser granulometry permits measurement of sizes between 0.05 and 900 μm, which is much more accurate than with the sieving technique. Figures 2 and 3 show the evolution of volume as a function of particle size, the bentonite and cement display dissimilar distribution profiles with an asymmetric distribution of particles. The particle size varies between 0.2 and 200 μm for bentonite, the particle size range for cement is 0.2 to 100 μm. The surface weighted mean is 2.973 and 6.327 um for bentonite and CEM II, respectively. These results show clearly that bentonite has a higher amount of fine particles in comparison to CEM II.
X-ray diffraction analysis
X-ray diffraction is particularly suitable for the study of the structure of crystalline materials. In XRD spectra, the strongest lines correspond to reflections perpendicular to the planes of sheets and thus are representative of d 001 . To better define the mineralogical composition of materials, we need to determine the nature and quantity of the various impurities contained therein. Their quantification is difficult. Some of them are abundant while others are barely detectable by X-ray. The diffractogram was obtained from the disoriented samples (placed directly in powder form into a conventional sample holder). The resulting spectrum of the crude samples gives us information on impurities and other constituents present. The XRD result of cement and bentonite are shown in Figures 4 and 5. The diffractograms show several peaks, which proves that the samples are not pure and contains several impurities. Figure 4 shows the X-ray diffraction pattern which allows identifying various mineralogical phases contained in the Portland cement. Several peaks appear on the diffractogram of CEM II at different intensities, which can be attributed presumably to C 3 S alite (2θ = 30° and 32°), C 2 S and C 4 AF (2θ = 14°, 22°, 32° and 40°) and Celite C 3 A (main line at 2θ = 15° and 32°).
There is a main reflection and this corresponds to the mineral of montmorillonite. Some peaks have been identified as impurities. The X-ray diffraction pattern of bentonite ( Figure 5) shows the major phase of montmorillonite whose the main peak is at 2θ = 20° and 35°. The presence of Quartz at 2θ = 21° and 27° is noted. A peak of 2θ = 30° appears on the sample with a different intensity, which can be attributed, presumably, to calcite. The reflection at 2θ = 28° on the Maghnia clay proves the presence of sodium feldspar.
Characterization of fresh grouts
The rheological characteristics of the cement slurry can vary notably according to the test temperature or the test time after mixing. For this reason, it is necessary to apply the same protocol with grout before performing the measurements. Therefore, all the measurements at the fresh and hardened state were accomplished at room temperature. 
Mini-slump cone
This test consists of measuring the slump diameter of grout on a horizontal plate depending on the variation of various parameters such as time, amount of water or the composition of the grout.
After the end of mixing, the grout is introduced immediately into the mini cone (Figure 6(a) ). A few seconds later, the cone is lifted and, after stabilization, the measurement of the spread (average of two perpendicular measurements) is performed (Figure 6(b) ).
The main advantages of this test are the ease of implementation and low material requirements (the volume of the cone is less than 40 ml, the upper diameter is 2 cm, the lower diameter is 4 cm and the height is 6 cm).
The mini slump values for the mixtures made with different percentages of bentonite (8, 10, 12, 14, 16 and 18%) and cement II are illustrated in Figure 7 . The addition of bentonite for a content varying between of 8% at 18% leads to the reduction of the fluidity of cement grout. This is due to the large specific surface of Blaine of bentonite and also to the exceptional structure of bentonite. On the one hand, the clay particles have tendency to absorb much water which is trapped in the interfolliar space, this will prevent the lubrication of particles, on the other hand, the montmorillonite particles are flat platelets and in fact form two modes of structures, i.e. "card-house" and "cardpack" (Van Olphen, 1977) . The degree of the formation of these structures depends very much on the chemical nature the pH of bentonite suspension (Benna, Kbir-Ariguib, Magnin, & Bergaya, 1999) . This microstructure of the complex system will not promote the good fluidity of cement grout.
Fresh density of grouts
The density of the grouts is measured using a scale that is widely used in construction provides a reliable parameter. The balance consists of a graduated arm with a covered tank witness the constant volume.
The results of the fresh density of different samples are shown in Figure 8 . It can be observed that the density of sample without bentonite is maximum,1.63 g/cm 3 . The density decreases with the introduction of bentonite as a replacement for cement. It should be noted that the higher the bentonite content, the density is reduced. This is due to the fact that the density of cement grout depends on the specific gravity of solids (bentonite and cement). Since the specific gravity of cement is greater as compared to bentonite, therefore, the density of the control mix is highest.The lower density is an advantage of the bentonite binder over the CEM II, which can be used for lightweight grout.
Bleeding test
A grout is considered stable when the final bleeding is less than 5% after 120 min (Tan, Zaimoglu, Hinislioglu, & Altun, 2005) . Freshly mixed grouts are evaluated for its final bleeding in a glass graduated cylinder following the procedure in ASTM C 940 (ASTM, 2016 ). An absence of sedimentation and low exudation leads to the stability and homogenization of the cement slurry. The bleeding of the grout is very affected by the water/solid ratio (Huang, 2001) . The effect of bentonite on the development of the bleeding was also measured and the effect is shown in Figure 9 . First of all, the results obtained show that bleeding is less than 5% for all the samples, one can see that bleeding value decreases from 2 to 0% by adding bentonite (8 to 18%) to the grout mixture. Here it was found that the bleeding decreases significantly up to the concentration of 16% bentonite. Beyond this value, the bleeding totally disappears. These results are in harmony with those obtained by several authors (Gustin, Karim, & Brouwers, 2007; Sonebi et al., 2012) . From the electrokinetic point of view, the zeta potential of the smectites is generally always negative in a pH range from 2 to 12 ( Günister et al., 2004; Isci, Guner, Ece, & Gungor, 2005; RamosTejada, Ontiveros, del Carmen Plaza, Delgado, & Durán, 2003; Sondi, Biscan, & Pravdic, 1996) . The negative mobility of the clay particles increases with pH as well as with the adsorption of anions (Viallis-Terrisse, 2000) . The zeta potential of Portland cement has been assessed at various initial pH values, it was shown that the zeta potential of cement increases with rising pH value, this is due to higher Ca 2+ contents in the Stern layer (Nägele, 1985) . However, the zeta potential of the Portland cement was always positive. The values for the zeta potential of cement are considered near to the unstable zone (Talero, Pedrajas, & Rahhal, 2013) . Based on the values of the zeta potential of cement and bentonite, it can be considered that the complex cement/bentonite fluid in an aqueous medium possesses a net negative zeta potential dominated by the bentonite particles. Under these conditions, these are the repulsive forces that prevail over the van der Waals forces, which give them certain stability, this leads to the decrease of the bleeding (Figure 10 ). The fineness of the grains and the colloidal properties of bentonite improve the stability of grout. 
Characterization of hardened grouts
Water absorption
Water absorption is an important index of the durability of hardened cementitious materials. The reduce of water absorption can substantially improve the long term performance and lifetime of cementitious materials in aggressive conditions. Figure 11 shows the results of the water absorption for hardened grouts with and without bentonite at 28 days of age. Bentonite particles result in improved particle packing, resulting in denser cement grout. Use of bentonite as a partial replacement for cement also results in lowering the volume of voids in the cement blends. The water absorption diminished with rising bentonite dosage for the following reasons: (i) microparticles of bentonite which act as a filler to fill the micropores, because the particle size of this one is less than that of CEM II (see Section 3.1), (ii) the formation of additional C-S-H products by the pozzolanic reaction leading to the diminishing of voids volume (Mirza et al., 2009 ) and (iii) reduced water binder ratio. Memon et al. (2012) also found that water absorption decreased with the bentonite content up to 21%, this is in agreement with our results.
Compressive strength of cement grouts
The compressive strength is a parameter that is very commonly used for the quality control of cementitious materials. The results of compressive strength of the mixes for 28 days are summarized in Table 2 . The compressive strength of the cement grouts containing bentonite ranged from 28.16 to 26.43 MPa at the age of 28 days. From these values, it can be seen that the cement grouts containing bentonite have slightly lower compressive strength compared to the control grout. The results analysis of compressive strength showed that at the age of 28 days, the mixes containing bentonite showed the 0.07, 0.21, 0.24, 1.52, 2.34, and 6.14% decrease compared to control grout. These results are in good agreement with the literature (Abali, Bayca, & Targan, 2006; Ahmad et al., 2011; Mirza et al., 2009; Targan, Olgun, Erdogan, & Sevinc, 2002) . The strength activity index (SAI) at 28 days can be assessed in order to evaluate the pozzolanic activity of a cementitious material. The SAI was evaluated as the ratio of the compressive strength of cement grout with bentonite to the strength of cement grout without bentonite at the same age, as the percentage. When the value of SAI exceeds 75% at 28-days, the pozzolan is considered as active according to ASTM Standard C618. SAI results presented in Table 2 show that all the specimens have a SAI from 99.92 to 93,86% at 28 days depending the amount of bentonite in the cement grout. It can be observed that the strength activity index is slightly affected by the replacement of cement by bentonite but remains conformed to the ASTM Standard C618 specifications. The values of SAI above 75% will be ascribed to the pozzolanic reaction of active phases (silica and alumina) with the calcium hydroxide released during the cement hydration.
Conclusion
This experimental investigation focuses on the effect of bentonite on fresh and hardened properties of cement grout. From the obtained results of this study, the following conclusions can be drawn:
• The granulometric results show clearly that bentonite has a higher amount of fine particles in comparison to cement.
• The XRD patterns of the samples (cement and bentonite) possessed crystalline phases; we also note that the bentonite contains several impurities.
• The results reveal that the slump decreased as the OPC replacement by natural bentonite increased, this constitutes a disadvantage but it can be remedied by the use of a superplasticizer to improve the fluidity of the grout.
• Density results also indicated that the natural bentonite had a marked effect on the density of grout mixtures that make it attractive for use as a lightweight cementitious material.
• As a result of bleeding test, a bentonite content of 16% is selected as an optimum dosage to produce a stable grout without sedimentation and bleeding.
• Concerning the hardened-state properties, the water absorption of the grout decreased with increasing bentonite content. The minimum value is recorded for 18% content of bentonite.
• When bentonite was introduced to cement blended, the compressive strength of the grout decreased slightly with increasing bentonite content, whereas the values of strength activity index are compliant with ASTM Standard C618.
Results of the investigation indicate clearly that it is possible to use the grout formulations containing the bentonite, as a partial replacement of cement. Therefore, a replacement up to 18% cement by bentonite produces economical grouts with reasonable physical properties. 
